Previous communications have outlined the technique of cardiac catheterization as applied to the study of congenital heart disease and defined the variations in pressures and oxygen content observed in a group of control patients (1, 2) . This paper sets forth the results of study in 6 patients with 4 varieties of congenital heart disease as examples of the type of information which can be acquired' by the catheter technique in such patients.
OBSERVATIONS
Patent ductus arteriosus Patent ductus arteriosus is a persistence after birth of the vascular anastomosis between the pulmonary artery and the aorta. While in the fetus blood flows from the pulmonary artery to the aorta, the flow is from the aorta to the pulmonary artery after birth, as Eppinger, Burwell, and Gross (3) have demonstrated. Case 1. I. G. was a 26-year-old woman. In early infancy she was found to have a heart murmur. She developed normally but was subject to palpitation, dyspnea, and fatigue on exertion. On physical examination, she was a well-developed woman without cyanosis or clubbing. Arterial blood pressure was 125/65 mm. Hg. The heart was enlarged to the left. There was a machinery murmur in the pulmonic region. The first sound at the apex and the second sound at the pulmonic area were accentuated. The lungs were clear, the liver was not enlarged, and no edema was apparent. X-ray of the heart ( Figure 1 ) showed it to be about 20 per cent enlarged with prominence in the region of the pulmonary artery and with hilar engorgement. An electrocardiogram was normal.
Venotus catheterization was performed, and Table I records the pressures and oxygen contents of ' This investigation was aided in part by a grant from the John and Mary R. Markle Foundation, and from the Proctor Fund of the Harvard Medical School. blood samples obtained from the various points shown in Figure 1 . It will be noted that the oxygen content of blood in the pulmonary artery was 2.2 volumes per cent higher than of that from the right ventricle. This is taken as indicating the entrance of arterial blood into the pulmonary artery. Arterial shunts, other than patent ductus arteriosus, are exceedingly. rare in this region.
The systolic. pressures in ,the pulmonary artery and right ventricle were elevated. The shunt was calculated to be 7.6 1. per min.
A few days later, Dr. Robert E. Gross ligated and divided a patent ductus arteriosus. Two weeks later, venous catheterization was repeated, at which time the patient was weak an4 moderately anemic (hemoglobin 9.9 grams). Results ,of the catheterization are presented in Figure 2 and Table II . The oxygen values of bloods from the 3 chambers were in good agreement and showed no deviation from the normal. The pressures in the pulmonary artery and right ventricle were still elevated. 7.6 1. per min.
5.1
Discussion: Calculation of the volume of flow through the ductus was made first by Eppinger, Burwell, and Gross (3) on the basis of blood samples obtained from the pulmonary artery at the time of operation. Blood samples withdrawn through the intracardiac catheter have the great advantage of being obtained with the patient in a relatively basal state. An oxygen content of blood in the pulmonary artery significantly higher than that in the right ventricle has been found regularly by venous catheterization in patients with patent ductus arteriosus.
In a previous study with the catheter in a control series of patients (2), it was observed that the greatest variation between the highest oxygen content of blood in the right ventricle and that in the pulmonary artery was 0.5 volume per cent. On this basis, it is believed that flows through the ductus of less than 0. 5 
Tetralogy of Fallot
The tetralogy of Fallot consists of pulmonary stenosis, interventricular septal defect, dextroposition of the aorta, and right ventricular hypertrophy. There is a diminished blood flow to the lung. A shunting of blood from the right ventricle into the aorta produces cyanosis.
Case 2. P. B. was 22 years old and had been a "blue baby." All his life he had been subject to periodic attacks of intense cyanosis and syncope, and his activities had always been restricted. On physical examination, he was tall and well-developed with moderate cyanosis of lips and nails and pronounced clubbing of fingers and toes. The blood pressure was 103/84 mm. Hg. There was a harsh systolic murmur in the second left intercostal space transmitted widely over the precordium without thrill or diastolic component. There were no signs of congestive heart failure. X-ray of the heart ( Figure 3 ) showed enlargement to the left. The apex appeared to be lifted above the diaphragm. An electrocardiogram showed right axis deviation. The red cell count was 8.2 million, the hemoglobin was 27.4 grams, and the hematocrit was 75.
The results of venous catheterization are shown in Figure 3 and Table III . It will be noted that 8 samples of blood from the right auricle, right ventricle, and pulmonary artery checked well as to oxygen content. The high systolic pressure in the right ventricle with a low pressure and narrow pulse pressure in the pulmonary artery indicated pulmonic stenosis (see Figure 4 ). Simultaneous pressures were not obtained from right ventricle and femoral artery, and hence the identity of these systolic pressures could not be tested. The systolic arterial blood showed a moderate degree of unsaturation. It was concluded that the patient had pulmonary stenosis and ventricular septal defect. Case 3. H. S. was a 10-year-old boy who at the age of 6 weeks was found to have a heart murmur. He had never been as active as his playmates and had had a constant cyanotic tinge to his nails and lips. He had always had dyspnea on climbing one flight of stairs, but this had not been progressive. On physical examination, he was well-developed and well-nourished. The lips and nail beds were slightly bluish. No clubbing was present. The heart was enlarged to percussion. The only murmur heard was a loud machinery murmur, maximal in the aortic region but audible over the entire precordium. There was no thrill. The blood pressure was 110/70 mm. Hg. There were no signs of cardiac failure. The hemoglobin was 17.3 grams, and the hematocrit was 49. Circulation time with magnesium sulfate was 8 seconds. An electrocardiogram showed right axis deviation. X-ray ( Figure 6 ) and fluoroscopy of the heart showed it to be enlarged to the left with dilated engorged hilar vessels. The aortic knob projected to the right.
On venous catheterization the catheter passed into the right ventricle and thence into the aortic arch and the descending aorta ( Figure 6 ). This demonstrated the existence of an over-riding aorta or a ventricular septal defect and also of a rightarched aorta. Oxygeti and-pressure data are shown in Table IV . The systolic pressures in right ventricle and aorta were identical (see Figure 7) . The peripheral blood flow was small. It was assumed that most of the blood flow through the pulmonary artery entered by way of a patent ductus arteriosus, as indicated by the typical murmur. The presence of a right-arched aorta perhaps explained the localization of the machinery murmur at the aortic rather than at the pulmonic area. Assuming that all of the blood entering the lung entered by way of a patent ductus arteriosus, pulmonary blood flow was calculated to be 6.7 1. per min. It should be pointed out that this calculation represents a maximal estimate and that the methods utilized by Bing (4) for calculation of pulmonary blood flow in these cases are more reliable.
Discussion: It is not to be expected that the tetralogy of Fallot could be recognized in its entirety by study with the venous catheter. Right ventricular hypertrophy is perhaps best indicated by the electrocardiogram. Dextroposition of the aorta is largely a morphological diagnosis and is functionally indistinguishable from a ventricular septal defect in studies with the venous catheter.
In the discussion to follow, the two will be included under the term, "ventricular septal defect."
The venous catheter may pass from the right ventricle through the stenotic pulmonary valve into the pulmonary artery (Patient 2). In this case, pulmonary stenosis may be recognized by the presence of a higher systolic pressure in the right ventricle than in the pulmonary artery (see Figure 4) . A ventricular septal defect has been assumed to exist by the presence of diminished oxygen saturation of the systemic arterial blood in association with pulmonary stenosis.
In other cases, the catheter may pass from the right ventricle, through the septal defect, and into the aorta (Patient 3). In this case, ventricular septal defect is demonstrated by the course followed by the catheter. Pulmonary stenosis has been assumed to exist if the systolic pressures in the aorta and right ventricle are identical.
The tetralogy of Fallot has been confirmed at autopsy in 2 patients. In one, the catheter had been introduced into the pulmonary artery (Patient 2), and in the other, not described here because of clotting of blood samples, the catheter had entered the aorta. In no case as yet has the catheter been introduced into both the aorta and the pulmonary artery in the same patient.
Interventricular septal defect (Roger's disease)
Defects in the ventricular septum vary in size and are most commonly located at the base of the heart just below the aortic valve. Since the pressure in the left ventricle is higher than that in the right ventricle, the shunt is from the left to the right side of the heart except under certain special conditions. Case 4. J. H. was a 6-year-old boy who had had a known murmur since the age of 11 months but had never had any limitation of activity. Physical examination revealed a healthy-looking active boy of normal development. There was no cyanosis or clubbing. Cardiac findings included a blood pressure of 105/45 mm. Hg, a heart enlarged to left and right, and an extremely loud and harsh systolic murmur heard maximally at the third left intercostal space and transmitted over the entire precordium. This murmur was accompanied by a thrill. A soft early diastolic murmur was heard along the left border of the sternum. X-ray ( Figure 8 ) and fluoroscopy of the heart showed marked enlargement, especially in the region of the left ventricle, a dilated left auricle posteriorly, and enlargement of the pulmonary artery. Hilar vessels were engorged but could not be demonstrated to pulsate. An electrocardiogram was normal.
Venous catheterization was performed as shown in Figure 8 , and the results are tabulated in Table  V ure, the right ventricular pressure has been normal in all of our cases to date.
Interauricular septal defect Defects in the interauricular septum vary considerably in size. The flow of blood is predominantly from the left auricle to the right auricle (6) . If the defect is large or if pressure in the right auricle becomes elevated, a right-to-left shunt may likewise be present (7) . Two patients will be described to illustrate 2 different ways in which venous catheterization may aid in the recognition of auricular septal defects.
Introduction of catheter through the defect: Case 5. E. M. was a 25-year-old woman who had been found to have a heart murmur in grade school. She had always experienced fatigue rather than dyspnea on exertion. For 5 years she had had cyanosis on exposure to cold and on exertion. She was slender and there was no clubbing, but the fingers and lips were perceptibly cyanotic. The heart was overactive, and there was a harsh diastolic murmur without thrill at the fourth intercostal space. The blood pressure was 108/76 mm. Hg. X-ray ( Figure  9 ) and fluoroscopy of the heart revealed it to be markedly enlarged with a huge pulmonary artery. An electrocardiogram showed right axis deviation.
Venous catheterization was incomplete in this patient. The catheter entered the right auricle (Figure 9 ), and followed a course acutely upwards and to the left so that the tip lay outside the cardiac shadow. Blood obtained from this point was 97 per cent saturated with oxygen (see Table  VI ). It was concluded that the catheter had passed through an auricular septal defect into the left auricle and into one of the pulmonary veins.-Attempts to introduce the catheter into the pulmonary artery were unsuccessful.
Left-to-right shunt: Case 6. H. C. was a 56-year-old man who denied ever having had any symptoms referable to the heart. On admission to the hospital for carcinoma of the bladder, it was noted that his heart was enlarged to left and right, that the rate was rapid, and that there was a harsh systolic murmur without a thrill maximal at the third left intercostal space and widely transmitted over the precordium and back. No diastolic murmurs were heard. The pulmonic second sound was accentuated.
Cyanosis and clubbing were absent. There were no signs of congestive failure. The hemoglobin and hematocrit were normal. X-ray ( Figure 10 ) and fluoroscopy of the heart showed it to be considerably enlarged, especially to the left, with hilar engorgement. An electrocardiogram demonstrated no abnormalities. Venous catheterization ( Figure 10 and Table  VII ) revealed a large increase of oxygenated blood in the right auricle as compared with that in the superior vena cava, as well as a value in one of the samples from the right auricle practically identical with that found in the femoral artery. On the basis of these findings, the diagnosis of an auricular septal defect seemed justified. There was no evidence of other cardiac defects. and ventricular septal defect were made are accepted. Patent ductus arteriosus can be detected in most instances where the defect is of sufficient size to produce symptoms or signs. Defects in the auricular and ventricular septa offer greater difficulties in diagnosis than the other 2 lesions. The diagnostic accuracy of the method in septal defects depends upon the success with which the tip of the catheter can be placed in the stream of arterial blood flowing into the right side of the heart from the left.
The necessity of obtaining multiple samples from each chamber is apparent, and a prerequisite of successful venous catheterization in patients with congenital cardiac defects is the gathering of as much information as possible by history, physical examination, x-ray, and fluoroscopy before catheterization is performed. Although we have not as yet used the method of Robb and Steinberg (12) of visualization of the cardiac chambers and great vessels with diodrast, information derived from this procedure should serve as a valuable adjunct to venous catheterization.
Finally, the increase of knowledge of hemodynamics acquired by techniques such as this will lead to increasing ease of diagnosis by simpler methods. Since certain varieties of congenital heart disease can be relieved or cured by surgery, precise diagnosis is of such importance that all doubtful cases should be studied with all available diagnostic techniques. SUMMARY 1. Venous catheterization has been applied as a diagnostic measure and as a method of studying the hemodynamics of various types of congenital heart disease.
2. In patent ductus arteriosus, blood in the pulmonary artery is more highly oxygenated than that in the right ventricle.
3. In interventricular septal defect, blood in the right ventricle is more highly oxygenated than that in the right auricle.
4. In the tetralogy of Fallot, pulmonary stenosis is identified by finding a higher systolic pressure in the right ventricle than in the pulmonary artery. In some instances, the catheter may be introduced through the ventricular septal defect into the aorta. Other aspects of the diagnosis are discussed. 575 5 . Auricular septal defect may be recognized by introducing the catheter through the defect into the left auricle, or by finding arterial blood in the right auricle in cases with a left-to-right shunt.
6. The limitations and potentialities of the method are discussed.
